Lightweight ultra-fine grained (<1 µm size) YSZ-SiC composites, with a combination of high hardness, high flexural strength and high fracture toughness, were successfully prepared by mechanical milling followed by spark plasma sintering. The YSZ-SiC composites exhibited high hardness (1320 GPa), which is very similar to the hardness of SiC. The YSZ-SiC composites also exhibited high flexural strength (as high as 1142 MPa) and high fracture toughness (up to approximately 8 MPa-m 1/2 ), which are similar to those of the fine-grained YSZ. Such a combination of mechanical properties was attributed to the fine microstructure with a distinct feature consisting of almost continuous network of YSZ phase around SiC particles. It has been demonstrated that a combination of these unique microstructural characteristics was very effective in suppressing the initiation of cracks and governing the path of their subsequent growth during fracture, leading to excellent combination of mechanical properties.
Introduction
Zirconia-based ceramics are attractive materials for a variety of applications due to their unique combination of optical, electrical, mechanical, thermal, and chemical properties. 16 ) Yttria-Stabilized-Zirconia (YSZ) has major applications as thermal barrier coatings (TBCs) in gas-turbine engines and electrolytes for solid oxide fuel cell (SOFC) due to the excellent combination of high temperature mechanical properties, high oxidation and corrosion resistance, and low thermal conductivity. 710) Recently, YSZ has also being used as a structural material for applications such as artificial jewellery, non-metallic knife, pistons, plungers, wear components for wire drawing industry, precision measuring gauges, and ceramic ball valves because of its high hardness, high fracture toughness, excellent chemical inertness and wear resistance. 1, 2, 11) Furthermore, YSZ is also biocompatible and has been widely used as bio-structural material for applications including arthoplasty, dental crowns, hip and knee prostheses, hip joint heads, temporary supports, and tibial plates. 1, 12, 13) Although an excellent combination of properties makes YSZ the most popular ceramic over other structural ceramics, a very high density (³6.02 g/cm 3 ) coupled with expensiveness of rare earth elements limit their applications for a wide range of applications as structural material. 9) Obviously, minimizing usage of YSZ would reduce not only the cost but also the weight of the components. As a result, the components would become more competitive and attractive for a variety of applications as structural material.
The development of ceramic-ceramic composites has been an attractive approach to achieve a desired set of mechanical properties which is superior to that of the individual ceramics used in the composites. Therefore, it would be interesting to make efforts to design and synthesize lighter YSZ-based ceramic-ceramic composites without compromising the existing set of properties, including mechanical, chemical, and bio-compatibility. In recent years, a variety of ceramicceramic composites have been developed wherein Silicon Carbide (SiC) has been used as an important constituent due to its very low density (³3.22 g/cm 3 ), high Young's modulus (³440 GPa), high strength, high hardness and wear resistance, high chemical corrosion and oxidation resistance, together with excellent biocompatibility. 1426) SiC is an economical and lightweight material, and it has been widely used in cutting tools, bulletproof vests, high temperature kilns, automobiles, electric systems, electronic circuit elements, astronomical telescopes, heating elements, nuclear reactors, and jewellery. Furthermore, SiC is also a promising biomaterial as coating on Ti-alloy based total hip replacements and bio-transducer in biosensors. 25, 26) In recent decades, there have been a few efforts to prepare YSZ-SiC composites to enhance mechanical properties of YSZ-based components.
2123) The resulting YSZ-SiC composites exhibited improved mechanical properties, such as fracture strength and toughness, as compared to those of monolithic YSZ. In these composites, the SiC was used primarily as reinforcing material, and it provided strengthening effectively by a crack deflection mechanism at the crack tip and the residual stresses due to the thermal mismatch between the YSZ matrix and the SiC dispersoids.
2123)
However, it would be worth mention that the SiC in these YSZ-SiC composites was primarily used as dispersoids in small amounts, as high as 30 volume percent only. Also, the resulting YSZ-SiC composites exhibited increasingly improved mechanical properties with increasing SiC content. Therefore, it would be interesting to make efforts to prepare YSZ-SiC composites with higher relative amounts of SiC and evaluate their performance. It is envisaged that YSZ-SiC composites with higher amounts of SiC will not only be lightweight, as compared to YSZ and previously prepared YSZ-SiC composites, but also have good mechanical properties. Furthermore, the YSZ-SiC composites would also be reliable to replace YSZ in biomedical applications owing to the excellent biocompatibility of SiC.
Therefore, the objective of the present work is to prepare lightweight YSZ-SiC composites with reduced usage of rare materials, such as Yttrium and Zirconia. In the present work, YSZ-50 mass% SiC (35 : 65 volume ratio) ceramic-ceramic composites have been prepared by mechanical milling followed by spark plasma sintering. The YSZ and SiC powder mixture was milled for different periods of time, and the effect of milling time on the size and distribution of YSZ and SiC particles in the milled powder mixture has been investigated and reported. The effect of milling time on the sinterability and microstructure of the sintered powders has also been evaluated. Finally, the mechanical properties of the sintered YSZ-SiC compacts are also reported and discussed.
Experimental Procedure
The Silicon Carbide (hexagonal-SiC(hcp-SiC), average particle size = 3.9 µm) and 3 mol% Y 2 O 3 -stabilized ZrO 2 (tetragonal-YSZ(t-YSZ), average particle size = 40 nm) powders were used as starting material. The SiC and YSZ powders were mixed in the proportion of 50 mass% SiC and 50 mass% YSZ. Subsequently, the powder mixture was mechanically mixed for 900 seconds (15 min) using mortar and pestle. The powder mixture was also mechanically milled (MM) in a high energy vibration ball mill at 12 Hz using WC balls as the milling media and maintaining ball to powder ratio at 5 : 1. The milling process was carried out for 18 ks and 72 ks in a Super Misuni NEV-MA-8 vibration ball mill under wet milling conditions wherein the acetone was used as process control agent to minimize agglomeration of powders during milling. Subsequently, the mechanically mixed as well as mechanically milled powders were sintered by Spark Plasma Sintering (SPS) at 1873 K for 0.6 ks (10 min) in a vacuum. The sintering was carried out at 50 MPa pressure in DR.SINTER machine (Sumitomo Coal Mining Co., Ltd) using graphite die. During sintering, the heating rate was kept 200 K/min up to 1673 K followed by 100 K/min up to 1873 K. The cooling rate was approximately 150 K/min. Hence forth, the sintered compacts prepared from mechanically mixed powder, powder milled for 18 ks, and powder milled for 72 ks are referred as MM0, MM18, and MM72, respectively. The microstructure and phase constituents of the composite powders and the sintered compacts were characterized by scanning electron microscopy (SEM) and X-ray diffraction analysis (XRD). The mechanical properties of the sintered YSZ-SiC compacts were evaluated by Vickers hardness measurements and 4-point bend test. The Vickers hardness measurements were carried out using HWV-IT ADW, SHIMADZU Micro Hardness Tester. The indentations were made at a load of 9.807 N for a holding time of 5 s. The average hardness was estimated by taking a mean of 30 indentations. The fracture toughness (K IC ) of the composite materials was evaluated by the length of the cracks generated by the indenters during hardness test. The fracture toughness was calculated using the formula given below:
where, c is the average crack length (m); d is the half diagonal of the Vickers indent (m); and H is the Vickers Hardness (Pa). The flexural strength was evaluated by four point bend tests on the rectangular specimens with dimension 4 mm © 2 mm © 13 mm using Shimadzu AG-I-50 kN at the cross-head speed of 0.1 mm/min.
Results

Microstructural characteristics of initial and mechanically milled powders
The morphology of the starting SiC and YSZ powders are shown in Fig. 1 . It can be seen that the initial, i.e. as received, SiC powder particles were irregular in shape. On the other hand, the as-received initial nano-sized YSZ powder particles were in the form of spherical clusters. Figure 2 shows the SEM micrographs of the mechanically mixed SiC-50 mass% YSZ powder mixture. It can be noted that the powder mixture consisted of the agglomeration of SiC and YSZ powders, wherein the YSZ nano-particles were still present as spherical micron-sized clusters ( Fig. 2(a) ). However, a very small amount of YSZ nano-particles were also found to be present as submicron-sized clusters in the powder mixture ( Fig. 2(b) ). It is evident that the mechanical mixing was not adequate for disintegrating the clusters of YSZ and achieving homogeneous distribution of YSZ and SiC in the resulting powder mixture. As a result, the mechanically mixed YSZ-SiC powder mixture had inhomogeneous distribution of YSZ and SiC. Therefore, the YSZ-SiC mixture was mechanically milled to improve the homogeneity of SiC and YSZ in the mixture. Figure 3 shows the particle size distribution of the mixed and the milled powders. It can be clearly observed that the mechanically mixed YSZ-SiC mixture consisted of two distinct peaks of SiC and YSZ. It can also be noticed that the mechanical milling led to not only the broadening of peaks but also a shifting of SiC peaks toward the smaller particle size. Furthermore, the distribution frequency of fine-sized particles also increased with increasing milling time. These results indicate that the particle size of SiC decreased due to mechanical milling, leading to the smaller average particle size and enhanced uniform size distribution. Figure 4 shows the SEM micrographs of SiC-50 mass% YSZ powder mixture milled for different periods of time, i.e. 18 ks and 72 ks. It is interesting to note that, in the milled powders, the YSZ nanoparticles are present as small submicron-sized clusters instead of large spherical clusters. Clearly, the spherical clusters of YSZ nanoparticles disintegrated into smaller size clusters as a result of the mechanical milling. Furthermore, it can also be noted that the size of the SiC particles decreased with increasing milling time, wherein the presence of sub-micrometer sized SiC indicates that ball milling led to the fragmentation of starting micrometer sized SiC particles (initial particle size = 25 µm) into sub-micrometer/nano-sized particles. From Fig. 4 , it can also be observed that the distribution of YSZ and SiC became more uniform with increasing milling time and the SiC particles appear to be coated with nano-particles of YSZ, forming a "shell" type structure around the SiC particles. Therefore, it appears that the mechanical milling resulted in not only the refinement of the SiC particle size by fracture and fragmentation but also the coating of the SiC particles with the YSZ nanoparticles. As a result, increasing milling time exhibited finer particles and improved homogeneity in the distribution of SiC and YSZ in the resulting powder mixture. Figure 5 shows the X-Ray diffraction patterns of SiC-50 mass% YSZ powders milled for different period of time. It can be seen that a significant broadening occurred in the SiC peaks with increasing milling time. The broadening in the SiC peaks can be attributed to the particle size refinement due to fragmentation of SiC particles during mechanical milling.
In the case of YSZ peaks, no significant broadening was observed due to mechanical milling. It can also be noticed that the mechanical milling did not result in the formation of any new phase and the phase contents in the un-milled, i.e. mechanically mixed, as well milled powders remained same. However, it would be worth pointing out that the peaks corresponding to tungsten carbide (WC) were found to be present in the XRD patterns of the milled powders, as shown in Fig. 5 . The presence of XRD peaks corresponding to WC in the milled powders can be attributed to the use of WC balls as a milling media in the mechanical milling. It would be worth pointing out that the WC exhibits high hardness, high melting point and good corrosion resistance. 16 ) Therefore, it is envisaged that the presence of a small amount of WC would not have any significant adverse effect on the mechanical or chemical properties of the present YSZ-SiC composites at either ambient or high temperature environments. However, the contamination of WC can be minimized by adopting well-designed and controlled milling conditions.
Microstructural characteristics of the sintered YSZSiC composites
The mechanically mixed and milled powders were sintered by SPS at 1873 K for 0.6 ks (10 min). Figure 6 shows the SEM micrographs of the sintered compacts prepared from mechanically mixed YSZ-50 mass% SiC powder mixtures. The agglomeration and inhomogeneous distribution of SiC and YSZ phases, together with high porosity, in the sintered compacts can be clearly observed (Fig. 6(a) ). The inhomogeneous distribution of YSZ and SiC phases in the sintered compacts can be attributed to the inherent agglomeration of these constituents in the starting mechanically mixed powder. Furthermore, it is interesting to note that the sintered compacts exhibit the presence of three distinct types of areas, consisting of sintered YSZ phase (area "I"), sintered SiC (area "II"), and sintered SiC+YSZ particles (area "III"). These areas are marked as "I", "II", and "III" in the Fig. 6(b) . It can be noticed that the YSZ nanoparticles sintered very well, leading to nearly full density YSZ areas, without any evidence of presence of individual YSZ particles/clusters (Fig. 6(b) ). On the other hand, the identity of the individual SiC particles can be clearly observed in the sintered compacts, and there is no evidence of any strong interparticle bonding between SiC-SiC particles (Fig. 6(c) ). These observations suggest that the present sintering conditions result in poor sinterability of the SiC particles. The poor sinterability of SiC particles, under the present sintering condition, can be attributed to the existence of strong covalent bonding in Si-C which severely restricts the desired mass transport, i.e. diffusion of atoms, necessary for achieving good sinterability. It is interesting to note from Fig. 6(d) , showing the high magnification SEM micrograph of the area "III" consisting of both YSZ and SiC particles, that the YSZ-SiC composite areas have almost full density together with excellent interparticle bonding. The microstructure of SiC+YSZ region (area "III") shows that the YSZ nanoparticles are acting as cementing phase to join SiC particles together. Figure 7 shows the microstructure of the sintered YSZ-SiC composite compacts prepared from mechanically milled powders. It can be seen that the sintered compacts had homogeneous distribution of YSZ and SiC, and the SiC particles are bonded together by the YSZ nanoparticles acting as a cementing phase. Moreover, it is also interesting to note that the size of the SiC and YSZ phase decreases with increasing milling time, and the YSZ phase forms more or less a continuous network structure in the sintered compacts. It is also worth mention that the sintered compacts prepared from mechanically milled powders did not demonstrate the presence of any appreciable porosity, indicating that the mechanical milling led to enhanced densification of the composite powders. Interestingly, the sintered powder compacts also exhibit the presence of some "white" color particles as shown in Fig. 7 . These "white" particles were identified as WC particles by EDS analysis. This observation is in line with the evidence of presence of WC particles in milled YSZ-SiC composite particles demonstrated by the XRD analysis in Fig. 5 .
Mechanical properties of YSZ-SiC composites
The mechanical properties of the YSZ-SiC composites were evaluated by hardness measurements and four point bend tests. The Vickers hardness, fracture strength, and fracture toughness of the sintered compacts prepared from mechanically mixed and mechanically milled YSZ-SiC are provided in Table 1 . For comparison, the mechanical properties of the YSZ and SiC phases are also provided in Table 1. 24,2834) It can be noticed that the MM0 compacts, prepared from the mechanically mixed powders, had extremely poor mechanical properties. In fact, these compacts were very fragile and had very low strength due to inadequate bonding between the SiC particles. Therefore, the poor mechanical properties of the compacts can be attributed to the high amounts of porosity coupled with extremely poor sinterability. Table 1 also shows that the hardness, fracture strength, and the fracture toughness of the MM72 compacts were higher than that of MM18 compacts. These results suggest that the mechanical properties improved with increasing milling time. Table 1 also compares the mechanical properties of the present ultra-fine grained YSZ-SiC composites with those of the SiC, YSZ, and some of the YSZ-SiC composites. 24, 2834) It can be seen that the SiC-YSZ composites exhibited high hardness (1320 GPa), which is significantly higher than that of YSZ and very close to the hardness of SiC. However, the average hardness of YSZ-SiC composites was found to be slightly lower than that of SiC. This slightly lower hardness values can be attributed to the effect of lower hardness values of YSZ present in the composites. Furthermore, it can also be observed that the present YSZ-SiC composites (MM18 and MM72) also exhibited high flexural strength (maximum value as high as 1142 MPa) and high fracture toughness (highest value approximately 8 MPa-m 1/2 ), and these values are similar to those of the fine-grained YSZ. In particular, MM72 compacts exhibited best combination of hardness, flexural strength, and fracture toughness. Interestingly, it can also be noticed that the mechanical properties of the MM72 compacts were either comparable or significantly better than those of the YSZ-SiC nanocomposites reported in the literature. Figure 8 shows the cracks formed in the MM18 and MM72 compacts as a result of the indentations made during hardness measurements. It can be noticed that the cracks propagated primarily through the YSZ phase and deflected by the SiC phase. It can also be noticed that the SiC particles also acted as barrier to the crack propagation, i.e. crack bridging. The deflection of cracks appears to be related to the relatively higher Young's modulus and strength of SiC as compared to YSZ phase. Therefore, owing to the higher modulus and strength, the cracks are deflected by the SiC particles and propagate through YSZ phase. Similar observations have been made regarding the effect of SiC on other composites by other researchers also.
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Discussion
It is evident that the mechanical milling resulted in the fragmentation and dispersion of the clusters of YSZ nanoparticles as well as the micron-sized SiC particles, leading to a finer microstructure with homogenous distribution of both the phases in the sintered compacts. The presence of YSZ phase in the form of a continuous network structure can be attributed to the formation of the coating of YSZ on the SiC particles, i.e. formation of a shell-like structure, due to mechanical milling. The results demonstrated that such a peculiar distribution of YSZ was extremely effective in enhancing densification and strength via efficient filling of voids/pores and providing excellent interparticle bonding between the SiC particles while acting as strong cementing phase. As the milling time increased, the dispersion of YSZ became increasingly homogenous together with the fragmentation of SiC. The fragmentation of initial micron-sized SiC particles resulted in smaller sub-micron-sized particles, leading to smaller pore size in the compacts with increasing milling time. As a result, the pore filling became increasingly better and the relative density of the YSZ-SiC composites increased with increasing milling time.
The present YSZ-SiC composites, especially MM72, have exhibited a better combination of lightweight and mechanical properties as compared to monolithic YSZ, monolithic SiC or other YSZ-SiC composites with lower YSZ content. To some extent, the unique combination of mechanical properties of the present YSZ-SiC composites can be related to its peculiar microstructural characteristics. As depicted in Fig. 8 , the mechanical milling led to smaller SiC particle size and finer homogeneous distribution of YSZ and SiC. Also, the present composites had fine microstructure with a distinct feature consisting of almost continuous network of YSZ phase around SiC particles. The improvement in the mechanical properties with increasing milling time can be related to the evolution of finer composite microstructure with increasingly homogeneous distribution of YSZ and SiC, together with higher relative density. It appears that the finer microstructure and higher relative density of MM72 compacts resulted in smaller initial crack size, leading to improved hardness and fracture strength. These results also indicate that the YSZ nanoparticles facilitated an extremely strong interparticle bonding in the sintered compacts. Furthermore, it appears that the fine continuous network of YSZ facilitates not only a strong interparticle bonding but also a guided pathway for the propagation of cracks. As a result, the crack deflection occurs at much shorter distances with increasingly finer microstructure in the composites having such a distribution of YSZ and SiC phases. This explains the possible reason of higher fracture toughness of the MM72 YSZ-SiC composite compacts as compared to MM18 compacts.
Conclusions
Fine-grained YSZ-50 mass% SiC composites were synthesized by mechanical milling followed by spark plasma sintering at 1873 K for 10 min. The mechanical milling resulted in the reduction of SiC particles size by the fracturing of the particles and submicron sized SiC particles were formed after 18 ks and 72 ks milling time, leading to finer microstructure with increasing milling time in the sintered compacts. The mechanical milling also exhibited improved uniformity of distribution of YSZ and SiC in the milled mixture, together with the formation of a shell-like coating of YSZ on the SiC particles. The milled powders having fine-sized SiC particles with YSZ coating resulted in the higher density sintered compacts with a distinct microstructure consisting of almost continuous network of YSZ phase around SiC particles. The YSZ-SiC composites, especially prepared from powder milled for 72 ks, exhibited excellent combination of mechanical properties, including high strength and high fracture toughness. The hardness of the composites was close to the hardness of SiC whereas flexural strength and fracture toughness were close to those of the YSZ. Such a combination of mechanical properties of the YSZ-SiC composites were attributed to the distinct and fine microstructure wherein the crack propagated primarily through the continuous network of YSZ phase and deflected by the SiC particles.
